We report the observation of the intrinsic damping-like spin-orbit torque (SOT) arising from the Berry curvature in metallic-magnet/CuO x heterostructures. We show that a robust damping-like SOT, an order of magnitude larger than a field-like SOT, is generated in the heterostructure despite the absence of the bulk spin-orbit effect in the CuO x layer. Furthermore, by tuning the interfacial oxidation level, we demonstrate that the field-like SOT changes drastically and even switches its sign, which originates from oxygen modulated spin-dependent disorder. These results provide an important information for fundamental understanding of the physics of the SOTs.
for the DL-SOT generation in Ni 81 Fe 19 /CuO x bilayers. In the bilayers where the CuO x layer is highly oxidized and semi-insulating, we observe a sizable DL-SOT in spite of the fact that the SOTs are purely generated by the interfacial SOI. We further found that the great flexibility of the oxidation level of Cu enables us to tune and even reverse the sign of the FL-SOT, opening a new avenue of SOT engineering. These features are consistent with the prediction of a two-dimensional (2D) Rashba model with oxygen modulated spin-dependent disorder.
We used the spin-torque ferromagnetic resonance (ST-FMR) [33] [34] [35] to quantify the SOTs in the Ni 81 Fe 19 /CuO x bilayers at room temperature. The bilayers were fabricated by radio frequency (RF) magnetron sputtering in the following sequence. A 10-nm-thick CuO x layer was firstly grown on a thermally oxidized Si substrate by reactive sputtering, in a mixture of argon and oxygen atmosphere of 0.25 Pa. To manipulate the oxidation level of the CuO x layer, the oxygen to argon gas flow ratio (Q) was varied from 2.5% to 5.5%. Then, on the top of the semi-insulating CuO x layer, a Ni 81 Fe 19 layer with the thickness (t FM ) of 7.5 nm was grown at argon pressure of 0.2 Pa, followed by a 4-nm-thick SiO 2 capping layer to prevent the oxidation of the Ni 81 Fe 19 surface. The bilayers were patterned into rectangular strips with 4-µm width and 30-µm length by photolithography and liftoff techniques (see Fig. 1(a) ).
For the ST-FMR measurement, an RF current with the frequency of f was applied along the longitudinal direction of the device and an in-plane external field H ext was applied at an angle of 45
• with respect to the longitudinal direction of the device. The RF current generates the SOTs, which excite magnetic precession. The magnetization precession in the Ni 81 Fe 19 layer causes the variation of the resistance owing to the anisotropic magnetoresistance (AMR). Therefore, the SOTs can be quantitatively determined by measuring a direct-current voltage, which is generated from the frequency mixing of the RF current and the oscillating resistance [36] [37] [38] . be expressed as the sum of symmetric and antisymmetric Lorentzian functions [33, 34] : imental data using
. The extracted curves demonstrate that large V s signals are generated in both samples and the sign of V a is opposite in the devices with Q = 3.0% and 5.5%. [39] . To investigate the influence of the oxidation level on the SOT generation, we summarized Q dependence of the resistivity of CuO x films in indicating the generation of the DL-SOT. On the other hand, the V a signal, or H , decreases with raising the oxidation level, and even switches its sign at high Q values. The sign reversal of H is also supported by the second harmonic Hall voltage measurements for the Ni 81 Fe 19 /CuO x bilayers (for details, see [40] ).
The DL spin-orbit effective field H DL and in-plane field H in the Ni 81 Fe 19 /CuO x bilayers can be quantified from the ST-FMR signals shown in Fig. 2 (c) using [6, 34, 46 ]
where I RF is the RF current in the strip (for details, see [40] ), ∆R is the AMR amplitude, γ is the gyromagnetic ratio, and µ 0 M eff is the demagnetization field. In Fig. 3(a) , we tentatively estimate the Q dependence of the torque efficiency per unit electric field E for the thickness of the FM layer t FM = 7.5 nm, defined by [47] where M s denotes the saturation magnetization. At the initial stage, ξ E DL increases nearly four times before reaching the point of Q=3.5%, and then becomes almost constant at the high oxidation level. One possible reason for the initial increase of ξ E DL can be accounted for the enhanced Rashba parameter upon the formation of the oxide-metal interface, related to the effective electric field induced by the asymmetric charge distribution of the interface state, which is reminiscent of that observed at the Gd(0001) surface [48] . Similar enhancement of the DL-SOT has also been observed in W(O)/CoFeB [49] and Pt/oxidized-CoFeB systems [50] . In contrast to the increase of ξ The semi-insulating feature of the CuO x layer allows us to eliminate the generated DL-SOT from the spin-transfer mechanism of the SHE, since the charge current in the CuO x layer is negligible. Moreover, treating the interfacial SOI as a perturbation in ferromagneticmetal/insulator bilayers, the imagery part of the interfacial SOT, or the DL-SOT, vanishes in a three-dimensional scenario regardless of any detail of a model [21] . This indicates that the extrinsic SOTs is unlikely to result in the efficient generation of the DL-SOT Fig. 3 (b). The DL effective field decays faster than the 1/t FM dependence, which is different from the 1/t FM dependence of the SOT due to the bulk SHE [52, 53] .
In the Ni 81 Fe 19 /CuO x bilayer, both the DL and FL-SOTs are generated by a SOI arising from the structural inversion symmetry breaking which is usually modeled by the Rashba SOI [54] . in response to an additional spin-orbit field, which gives rise to the intrinsic DL-SOT [6] .
In the strong exchange limit, microscopic calculations show that the FL-SOT is expressed as [23] 
where ν 0 , ε F , and γ ↑(↓) are the density of states per spin for a 2D electron gas, the Fermi energy, and the strength of the spin-dependent disorder scattering, respectively. Equation (4) has three tunable parameters that can in principle explain the drastic change of the FL-SOT in the Ni 81 Fe 19 /CuO x bilayer with the oxidation: the variation of the SOI strength α R , the exchange strength J ex , and the spin-dependent scattering rates γ ↑(↓) . First, the possible change of the Rashba SOI strength α R at the interface induced by the oxidation cannot be responsible for the observed variation of the FL-SOT. According to the theory [23] , since both the DL-and FL-SOTs are linearly proportional to α R , they might have the same Q dependence. This prediction is in sharp contrast to our observation shown in Fig. 3 (a).
Second, let us assume that the sign reversal of the FL-SOT is resulted from the sign reversal of J ex around Q = 4%. Under this assumption, J ex will be negligibly small around Q = 4%.
On the other hand, in this region, i.e. the weak exchange limit, the theory predicts that the DL-SOT should be proportional to J 2 ex while the FL-SOT is still linearly proportional to the exchange energy [22] . This indicates that an abrupt decrease of ξ E DL should be observed around Q = 4%. This scenario also differs from our observation of a nearly constant ξ E DL around Q = 4%, and thus the change of J ex is not significant in the Ni 81 Fe 19 /CuO x bilayer.
The origin of the observed sign change of the FL-SOT induced by the oxidation can be attributed to the variation of the spin-dependent disorder scattering. Assuming a metallic limit ε F ≫ J ex , the term in the parentheses in Eq. (4) can be simplified
If the relative strength of the spin-dependent disorder scattering could be tuned through varying the interfacial oxidation level, it is possible to observe the sign reversal of the FL-SOT without changing the sign of the DL-SOT. The reason for this behavior originates from different scattering dependence of the two components of the Rashba SOTs; the FL-SOT has conductivity-like behavior and is sensitive to the spin-dependent scattering while the intrinsic DL-SOT is robust against disorders in the weak disorder regime. The sign change of the interfacial FL-SOT through tuning disorders was also predicted by ab initio calculations for more realistic band structures [25] . For permalloy, it is demonstrated that the minority spin states of Ni at the Fermi level is heavily damped by Fe impurities due to the greatly differed potentials for the two constituents [55] . Therefore, a change of γ ↓ can be certainly expected if the concentration of interfacial permalloy is modulated by the interfacial oxidation level.
We note that although Q was varied only slightly, from 2.5% to 5.5%, the oxidation level of the CuO x layer is significantly changed, as evidenced in the drastic change of the resistivity ρ (see Fig. 2(b) ). As shown in Fig. 2(b) , when the value of Q increases from 2.5 to 5.5%, the resistivity ρ of the CuO x film initially increases, after approaching its highest value around Q=4.5%, then reduced. This extraordinary tendency is because of the formation of various types of CuO x , such as Cu 2 O, CuO, or their mixture, most likely attributed to the stoichiometry related Cu vacancies [56] . This drastic change of the oxidation state of the CuO x layer can influence the oxidation level near the Ni 81 Fe 19 /CuO x interface. To further obtain the information on the oxidation at the interface, the X-ray photoelectron spectra (XPS) measurements were performed on CuO x (10 nm) single layer films with various Q.
As shown in Fig. 3(c) , the CuO phase appears around Q = 4%, which coincides with the oxidation level where the sign reversal of the FL-SOT is observed.
In conclusion, we demonstrated that the robust intrinsic DL-SOT with interfacial feature is generated in the Ni 81 Fe 19 /CuO x bilayers. Although the oxidation effect on the SOT generation in metallic heterostructures has been reported previously [50] , the presence of a heavy metal layer makes it difficult to provide a physical picture of the SOT generation.
In contrast, the semi-insulating feature of CuO x enables to reveal the physics behind the oxidation effect on the SOT generation. We noticed that the observed SOTs purely originate from the interfacial SOI in the Ni 81 Fe 19 /CuO x bilayers with different scattering mechanisms, i.e. the conductivity-like FL-SOT and the intrinsic DL-SOT, providing a basic understanding on the SOTs generation. Therefore, we believe that the spin-orbit device based on Cu oxide is an ideal system for the study of the intrinsic DL-SOT, as well as the interfacial oxidationtuning SOTs. In general, the transverse resistance, namely the Hall resistance R H , is composed of the contributions from anomalous Hall effect (AHE) R A and planar Hall effect (PHE) R P as 
where the second term in the parentheses presents the contribution from the anomalous Nernst effect (ANE). V 0 , R, α, and ∆T are the peak applied voltage, the longitudinal resistance of the Hall bar, the ANE coefficient, and the temperature gradient between the top and bottom layers, respectively. In the case that ∆θ and ∆ϕ are sufficiently small, the deviating angles can be simplified
Substituting into Eq. (S2) and defining ϕ = π/2 − ϕ m , we obtain 
Calibration of radio frequency current
For the ST-FMR measurements, the applied radio frequency (RF) power was 170 mW.
The impedance mismatch between the microstripe and RF source results in the reflection of the applied RF current. To estimate the RF current flowing in the ST-FMR device, we made use of the current induced resistance change due to Joule heating [S4, S5] . One example is shown in Fig. S4 for the Ni 81 Fe 19 (7.5 nm)/CuO x (10 nm) bilayer with Q = 5.5% and the size of L(30 µm) × W (4 µm). Figure S4(a) shows the resulting resistance changes caused by the Joule heating due to DC current I DC application. The resistance change follows the parabolic relationship to the applied current, as expected for the sample heating.
Then, we measured the resistance change due to the RF power P RF application, as shown in Fig. S4(b) . By comparing these changes due to the DC current and RF power applications, we can estimate the energy dissipation resulted from each applied RF power, as well as the corresponding RF current in the strip. Figure S4 The design of our ST-FMR device is a rectangular microstrip of the Ni 81 Fe 19 /CuO x bilayer film connected to the Pt electrode, which has a ground-signal-ground structure and compatible with mirowave probe as shown in Fig. 1(a) of the main text. This high symmetrical arrangement is able to geometrically minimize the out-of-plane effective field (H ⊥ Oe ) originated from Oersted field when the RF current flowing through the microstrip [S6] . In Fig. S6(a) In thin metallic films, the nonuniform current distribution along the film normal direction (z) can be evaluated from the Fuchs-Sondheimer model [S8, S9] , including a specularity parameter p at each interface. The value of p is in the range 0≤p≤1. In the case of p = 1, the electron reflection is perfectly specular at the interface, while p = 0 means that it is random, causing a reduced current. This reduction of the charge current extends over a length scale in z away from interface, which is characterized by the mean free path λ. In the thick limit (t FM ≫λ), the current distribution within the Ni 81 Fe 19 layer is given by [S7] 
where the function f (x) is an exponential integral
Here, J 0 is the maximum current density in the longitudinal direction within the Ni the averaged Oersted field due to the nonuniform current distribution is [S7] . Assuming that for a relative thick film the maximum current density (J 0 ) equals the average current density (J av ), namely J 0 ≃ J av , we can reproduce the measured H Oe /J av for the Fig. S6(b) . The ratio J av /J 0 in Fig. S6(c As shown in Fig. 3(a) 
Field and frequency dependence of ST-FMR
We have performed the ST-FMR measurement on a SiO 2 (4 nm)/Ni 81 Fe 19 (7.5 nm) film, fabricated on a SiO 2 substrate, using the same microstrip as that in the main manuscript.
As shown in Fig. S7 , no ST-FMR signal is generated in the Ni 81 Fe 19 single layer film. This result confirms that the current flow in the electrode of our device is very symmetrical, neither the imbalance current back-flow between the two ground contacts nor the imperfect centering of the microstrip creates a detectable ST-FMR signal.
In 
where H DL is the DL effective field. As shown in the inset to Fig. S7 , the H DL /H ratio obtained from the ST-FMR shape is independent of the RF current frequency f , as expected. and Q = 3.0% (blue).
